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Abstract—This paper presents a novel approach for the imple-
mentation of balanced ultra-wideband (UWB) bandpass filters
with common-mode noise suppression. To a first-order approx-
imation, the differential-mode filter response is described by
the canonical circuit model of a bandpass filter, i.e., a cascade
of series-connected resonators alternating with shunt-connected
parallel resonant tanks. Thus, the series branches of the balanced
filter are implemented by means of inductive strips and patch ca-
pacitors, whereas the shunt sections are realized through mirrored
stepped-impedance resonators (SIRs) and low-impedance (i.e.,
capacitive) short transmission-line sections. For the differential
mode, the symmetry plane is a virtual ground, the wide strip
sections of the SIRs are effectively grounded, and the SIRs behave
as grounded inductors parallel connected to capacitors. However,
for the common mode, where the symmetry plane is an open
(magnetic wall), the SIRs act as shunt-connected series resonators,
thus providing transmission zeros at their resonance frequencies.
By properly tailoring the location of these transmission zeros,
rejection of the common mode over the differential filter passband
can be achieved. To illustrate the potential of the approach, an
order-5 balanced bandpass filter covering the regulated band for
UWB communications (3.1–10.6 GHz) is designed and fabricated.
The filter exhibits common-mode rejection above 10 dB over the
whole differential filter passband, with differential-mode insertion
losses lower than 1.9 dB and return losses better than 10 dB. Since
the proposed design approach is based on planar semi-lumped
components, filter size is as small as 10.5 mm 7.6 mm.
Index Terms—Common-mode suppression, differential fil-
ters, microstrip technology, stepped-impedance resonator (SIR),
ultra-wideband (UWB).
I. INTRODUCTION
T HE DESIGN of differential-mode bandpass filters withcommon-mode noise suppression is of high interest in bal-
anced circuits, where high immunity to environmental noise,
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interference, and crosstalk between different elements are key
advantages over their single-ended counterparts. Several strate-
gies for the implementation of balanced bandpass filters with
common-mode rejection have been proposed [1]–[13]. Essen-
tially, such filters are designed by using symmetry properties.
Namely, their topologies are symmetric structures where the
electric wall of the symmetry plane for the differential mode
makes the structure exhibit bandpass functionality. However,
through a proper design, it is possible to achieve common-mode
rejection in the differential filter passband thanks to the effects
of the magnetic wall for the common mode.
Based on these ideas, dual-band [2]–[5], moderate or narrow-
band [6], [7], wideband [9], [10], and ultra-wideband (UWB)
[11]–[13] balanced filters have been recently reported. Most
of these common-mode suppressed balanced filters are based
on distributed elements, and filter optimization requires para-
metric analysis. This is the case, for instance, of the UWB bal-
anced filters implemented bymeans of branch-line sections with
open-circuited stubs attached along the symmetry plane [11] or
bymeans of open-ended parallel coupled lines [12]. Other UWB
balanced filters based on signal interference techniques are re-
ported in [14] and [15].
In [16], the authors presented a novel approach for the design
of balanced wideband bandpass filters with common-mode
noise suppression. The balanced filters reported in [16] are
described by the circuit model depicted in Fig. 1(a). For the dif-
ferential mode, the symmetry plane is a virtual ground, resulting
in the circuit of Fig. 1(b). Conversely, the symmetry plane is an
open-circuit for the common mode, and the equivalent circuit
for that mode is the one depicted in Fig. 1(c). In the circuits
of Fig. 1, the shunt resonators are coupled through admittance
inverters. In practice, such inverters have been implemented by
means of meandered differential lines (with differential-mode
characteristic admittance with ), whereas
the elements of the shunt branches have been implemented
by combining mirrored stepped-impedance resonators (SIRs)
and low-impedance transmission-line sections. The SIRs are
described by the inductances and the capacitances ;
the capacitances are implemented through electrically
short low-impedance transmission-line sections. Through this
approach, order-3 and order-5 balanced quasi-Chebyshev
bandpass filters with excellent common-mode noise suppres-
sion were demonstrated [16]. In those filters, the agreement
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Fig. 1. (a) Circuit model of the balanced bandpass filters with common-mode
suppression proposed in [16]. Equivalent circuits for the: (b) differential and
(c) common modes.
between circuit simulation, electromagnetic simulation, and
measurement is remarkable. This aspect is very interesting
for design purposes. However, the approach presented in
[16] has two drawbacks, mainly related to the presence of
the distributed admittance inverters: 1) filter size and 2) the
limited fractional bandwidth. In this paper, the main aim is to
replace the admittance inverters of the filters reported in [16]
with semi-lumped resonators with an eye towards achieving
UWB differential-mode responses and optimizing filter di-
mensions. The accurate circuit model of the new proposed
filters, including parasitics, is presented and used for design
purposes. Finally, a fifth-order balanced filter roughly covering
the regulated band for UWB communications (3.1–10.6 GHz)
is designed and fabricated.
This paper is organized as follows. Section II is focused on
the topology and circuit model (including validation) of the pro-
posed balanced UWB filters. The design methodology is pre-
sented in Section III, whereas the reported prototype and char-
acterization results are presented in Section IV. In Section V,
the performance and dimensions of the proposed filter are com-
pared to those of other reported balanced UWB bandpass filters.
Finally, main conclusions are highlighted in Section VI.
II. FILTER TOPOLOGY, CIRCUIT MODEL, AND VALIDATION
The topology of the shunt branches of the proposed differen-
tial-mode UWB bandpass filter is similar to the one reported in
[16] (Fig. 2): a pair of mirrored SIRs and two electrically short
low-impedance transmission-line sections acting as grounded
capacitors. For moderate or wideband bandpass filters, this
topology is accurately described by the elements of the shunt
branches in the circuit of Fig. 1(a). However, for an accurate
description of the structure over extremely wide bands (i.e.,
from 3.1 GHz up to 10.6 GHz), it is necessary to add se-
ries-connected inductances to the model of the shunt branch, as
shown in Fig. 2(b). These inductances (denoted by ) must
be considered parasitic elements, but their presence is manda-
tory for an accurate description of the shunt branch through a
lumped-element equivalent-circuit model over the regulated
UWB band. To demonstrate the validity of the proposed model,
Fig. 2. (a) Typical topology and (b) lumped-element equivalent-circuit model
of the shunt branches of the proposed balanced UWB bandpass filter. Dimen-
sions are: mm, mm, mm, mm, and
mm.
we have extracted the parameters of the circuit of Fig. 2(b) for
the topology depicted in Fig. 2(a). To this end, we have in-
ferred the -parameters of the structure for the differential and
common modes through full-wave electromagnetic simulation,
using the Agilent Momentum commercial software (see Fig. 3).
The considered substrate is Rogers RO3010 with dielectric
constant and thickness m. From the
differential mode -parameters, we have obtained the reactance
of the series and shunt branch of the equivalent T-circuit model
according to standard formulas [17]. The results are depicted
in Fig. 4. Determination of and has been done from
the resulting resonance frequency of the shunt reactance of
the T-model (where the shunt reactance exhibits a singularity)
and from the reactance slope at that frequency. has been
directly inferred from the slope of the series reactance. Finally,
the capacitance has been inferred from the position of the
transmission zero frequency for the common mode, given by
(1)
Notice that, in Figs. 3 and 4, the agreement between the re-
sults inferred from electromagnetic and circuit simulation (the
element values are indicated in the caption of Fig. 3) are rea-
sonably good up to frequencies beyond the range of interest
(3.1–10.6 GHz). Therefore, these results validate the proposed
model and point out the need to include the parasitic inductance
(not considered in [16]) for an reasonable description of the
structure. The circuit simulation without parasitic inductance
( ) is also included in Fig. 3(a) for comparison purposes.
The key differential aspect between the UWB bandpass fil-
ters presented here and the wideband filters reported in [16]
concerns the series branches. In order to achieve UWB filter re-
sponses, and simultaneously small size, the admittance inverters
are replaced with series resonators. Thus, with exception of el-
ement parasitics ( plus the parasitics of the series branches,
to be discussed later), the proposed filters are roughly described
by the canonical circuit model of a bandpass filter (i.e., a cas-
cade of series resonators alternating with shunt resonant tanks)
[18]. As it is well known from filter theory, both the capac-
itance of the series branches and the inductance of the shunt
branches increase with filter bandwidth. Conversely, the induc-
tance of the series branches and the capacitance of the shunt
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Fig. 3. -parameters for the structure of Fig. 2 inferred from electromagnetic
and circuit simulation. (a) Magnitude for differential mode, (b) magnitude for
commonmode, (c) phase for differential mode, and (d) phase for commonmode.
The element values of the circuit model of Fig. 2(b) are nH,
pF, nH, and pF.
branches are small for bandpass filters with very wide band-
widths. This means that, in order to achieve the required band-
width (3.1–10.6 GHz), the capacitance of the series branch must
be necessarily large.
The typical required values have forced us to implement such
capacitors by means of patch capacitances (we first unsuccess-
fully considered the use of interdigital capacitors). Therefore,
Fig. 4. Series and shunt reactance of the equivalent T-circuit model of the struc-
ture of Fig. 2(a) for the differential-mode inferred from electromagnetic and cir-
cuit simulation. The element values are those indicated in the caption of Fig. 3.
Fig. 5. (a) Top view, (b) 3-D view, and (c) lumped-element equivalent-circuit
model of the series branches of the proposed balanced UWB bandpass filter.
Dimensions are mm, mm, mm,
mm, mm, mm, and mm.
ground-plane etching has been necessary to accommodate such
capacitors. Metallic vias can, in principle, be avoided by se-
ries-connecting two identical patch capacitances. However, this
strategy increases the required capacitor area since each indi-
vidual capacitance value is twice the nominal one. We have thus
opted for implementing the series capacitances through an op-
timized topology (in terms of size) that uses a metallic connec-
tion between the upper and lower metal levels (via). The series
inductance of the series branches (of small value for UWB fil-
ters) is simply implemented by means of a pair of short induc-
tive strips cascaded to the capacitor terminals. Nevertheless, the
presence of the vias may contribute to the series inductance as
well. The top and 3-D views of a typical series resonator are de-
picted in Fig. 5(a) and (b), respectively.
Unfortunately, the lumped-element equivalent-circuit model
of the series branch is not so simple [see Fig. 5(c)]. Notice
that since the pairs of series resonators replacing the admit-
tance inverters in the circuit of Fig. 1(a) are very distant, the
differential- and common-mode circuits describing such struc-
tures are undistinguishable and given by the circuit model de-
scribing the isolated resonators [see Fig. 5(c)]. Notice also that
the proposed resonator is asymmetric with regard to the ports
[see Fig. 5(a) and (b)]. Such asymmetry is accounted for by the
proposed circuit model by considering different parasitic induc-
tances ( and ) and capacitances ( and ).
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Fig. 6. -parameters [magnitude (a) and phase (b)] for the structure of Fig. 5 in-
ferred from electromagnetic and circuit simulation. The element vales of the cir-
cuit model of Fig. 5(c) are pF, nH, pF,
nH, pF, and nH. The magni-
tude of is roughly indistinguishable from that of and is not depicted.
By using the Agilent Momentum full-wave simulator, we
have obtained the -parameters of the structure depicted in
Fig. 5 (see Fig. 6), and from these parameters, the series reac-
tance and the shunt reactances of the equivalent -circuit model
have been inferred. Such reactances are depicted in Fig. 7,
where they are compared with the reactances derived from
the transformation of the model of Fig. 5(c) to its equivalent
-circuit model. It is remarkable that the shunt reactances of the
equivalent -circuit model are unequal, confirming the need to
consider an asymmetric circuit model (i.e., such reactances are
significantly different) to describe the series resonator. Notice
also that, in certain frequency regions, the right-hand-side shunt
reactance exhibits negative slope. This does not contradict
the Foster reactance theorem [19] since the curves depicted
in Fig. 7 rather than corresponding to reactances of circuits
with identifiable reactive elements, are the reactances of an
equivalent circuit ( -circuit model), and such a circuit may not
be described by lumped elements (this is indeed our case).
The agreement between the results inferred from electromag-
netic and circuit simulation in Figs. 6 and 7 is very reasonable
and validates the proposed circuit model. The determination of
the circuit parameters is not so straightforward, as compared to
the shunt branch. For the series branch, the procedure to obtain
the circuit parameters is as follows: first of all, in the low-fre-
quency limit, the inductances can be neglected, and the resulting
model is a capacitive asymmetric -circuit model. Thus, by rep-
resenting the susceptances of the series and shunt branches, the
capacitors , , and can be inferred from the sus-
ceptance slope in the dc limit. Once these element values are
Fig. 7. (a) Series and (b) shunt reactances of the equivalent -circuit model of
the structure of Fig. 5(a) inferred from electromagnetic and circuit simulation.
The element values are those indicated in the caption of Fig. 6.
known, the inductances are determined by curve fitting the re-
actances of the three branches of the equivalent-circuit model.
III. DESIGN OF THE PROPOSED UWB BALANCED
BANDPASS FILTERS
Filter design is oriented towards achieving a Chebyshev re-
sponse for the differential mode with the strongest possible re-
jection of the common mode over the differential filter pass-
band. The key idea to reject the common mode is to locate
the transmission zeros, related to the SIRs, at different posi-
tions over the differential filter passband (notice that the se-
ries branches do not have any influence on the position of these
transmission zeros). Since the inductances of the narrow strips
of the SIRs are determined from the specifications of the differ-
ential-mode filter response, it follows that the transmission zero
locations must be controlled through the dimensions of the wide
capacitive sections of the SIRs. According to the model of the
shunt branch [see Fig. 2(b)], each branch provides one transmis-
sion zero for the common mode. Typically, three transmission
zeros are enough in order to achieve a significant common-mode
rejection over the regulated UWB band (this is the case of the
proposed filter, as will be later shown). Filter design is a two-
step process where first the layout that provides the required
differential mode response is obtained. This excludes the deter-
mination of the patch capacitors (described by the capacitances
). The dimensions of these patch capacitances are then de-
termined in order to set the transmission zeros for the common
mode, and thus achieve a stopband for that mode over the dif-
ferential filter passband.
Let us now focus on the design of the balanced filter in order
to cover the regulated UWB band for the differential mode. The
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intended filter response for the differential mode is an order-5
Chebyshev response covering the band from 3.1 GHz up to
10.6 GHz with a ripple of 0.15 dB. By considering the canon-
ical order-5 bandpass filter circuit model with shunt connected
parallel resonators at the first, third, and fifth stages, and se-
ries connected series resonators at the second and fourth stages,
the element values giving such a response are
pF, nH, pF,
nH, pF, and nH
where the sub-index denotes the filter stage. Once these values
are known, the next step is to independently synthesize the lay-
outs for each filter stage (shunt and series branches) with an eye
towards achieving the above element values for the active ele-
ments of the filter model for the differential mode (active ele-
ments are those reactive elements in themodels of Figs. 2(b) and
5(c) not being the parasitic elements, namely, , , , and
). The parameter extraction procedure explained before is
used for that purpose, and optimization at the layout level is
done as specified below.
For the shunt branches, the dimensions of the patch capaci-
tors ( ) and inductive strips ( ) are estimated from the for-
mulas providing the dimensions of the low- and high-impedance
transmission-line sections of stepped-impedance low-pass fil-
ters. Optimization is then carried out at layout level in order
to obtain the required element values for and from the
parameter-extraction procedure detailed before. Notice that pa-
rameter extraction also gives the value of the parasitic induc-
tance .
For the series branches, we consider a square geometry for the
patch capacitor, a via with a diameter of 0.1 mm, and 0.5-mm-
wide access lines. The area of the square capacitor and the length
of the access lines are then tuned until the active elements
and , inferred from parameter extraction and curve fitting as
specified before, are those corresponding to the ideal Chebyshev
response. This procedure also provides the parasitic elements of
the series branch.
Obviously, due to the presence of the parasitic elements, we
do not expect that the filter response for the differential mode
agrees with the ideal Chebyshev response. Thus, the filter layout
must be modified in order to obtain a better approximation to
the required Chebyshev response. The key aspect in our design
process is to assume that layout tuning does not substantially
modify the parasitic elements. Therefore, the next step is to set
the parasitic elements in the circuit model to those values in-
ferred from parameter extraction and curve fitting, and tune the
active elements until the filter response for the differential mode
agrees with the intended Chebyshev response to a good approx-
imation in the band of interest. Notice that this is a tuning at
the circuit level. Nevertheless, since there are too many degrees
of freedom, tuning may be complex and time consuming, un-
less an automatic process is considered. We have thus imple-
mented an automatic optimization routine in Agilent ADS in
order to find the element values that provide a minimum in-band
return-loss level (10 dB) with the frequency positions of the
five matching points (reflection zeros) as close as possible to
those of the ideal Chebyshev response. This routine gives the
active element values of the filter circuit model. Once these el-
ements are known, the next step is to modify (tune) the layout
TABLE I
CIRCUIT ELEMENTS FOR THE EQUIVALENT CIRCUIT OF THE DIFFERENTIAL
UWB FILTER (PARASITIC ELEMENTS ARE INDICATED IN GREY) THE
UNITS ARE NANOHENRYS FOR THE INDUCTANCES AND
PICOFARADS FOR THE CAPACITANCES
in order to infer these element values from parameter extraction
and curve fitting for either filter stage. It is worth mentioning
that synthesis is not excessively complex since the number of
geometrical free parameters per filter stage is small. The ele-
ment values, including parasitics, are given in Table I (notice
that the first and fifth stage are slightly different).
As was already mentioned, the wide patch capacitances of
SIRs determine the position of the transmission zeros for the
common mode, but they do not have any influence on the dif-
ferential filter response. Thus, with exception of such capaci-
tances, filter layout is determined from the design method de-
tailed above. For which concerns the patches corresponding to
the grounded capacitances, , we have determined their area
in order to obtain transmission zeros for the common mode at
the following frequencies: 5.5, 7, and 10 GHz.
IV. PROTOTYPE DEVICE AND RESULTS
The layout and photograph of the designed filter are depicted
in Fig. 8. The filter has been fabricated by means of a stan-
dard photo/mask etching technique in the Rogers RO3010 sub-
strate with dielectric constant and thickness
m. The differential- and common-mode filter responses
are depicted in Fig. 9. Due to the presence of parasitics, the
measured and electromagnetically simulated differential filter
responses are a rough approximation of the ideal Chebyshev
response (also included in the figure). Indeed filter selectivity
at the upper edge is degraded as compared to that of the ideal
Chebyshev response as a consequence of the optimization cri-
terion indicated above (in-band return loss closest as possible
to those of the ideal Chebyshev). However, the selectivity at
the lower band edge is good, and this aspect is important since
many applications require strong rejection of interfering sig-
nals at low frequencies (i.e., below 3.1 GHz). There is a good
agreement between the lossless electromagnetic simulation and
the circuit simulation (including parasitics) of the differential
filter response [see Fig. 9(a)]. This further validates the pro-
posed circuit model and the design procedure explained be-
fore. The electromagnetic simulation with losses and the mea-
surement [see Fig. 9(b)] are also in reasonable agreement. The
measured insertion loss for the differential mode is better than
1.9 dB between 3.1–10.6 GHz, whereas the return loss is higher
than 10 dB within the same frequency interval. The slight dis-
crepancies in the insertion loss are mainly attributed to the ef-
fects of the connectors and soldering (a more accurate thru-re-
flect-line (TRL) differential calibration, complex in this case,
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Fig. 8. (a) Layout and (b) photograph of the fabricated filter. A zoom of the
photograph is shown in: (c) top view and (d) bottom view. Dimensions are:
mm and mm.
Fig. 9. (a) and (b) Differential-mode and (c) common-mode filter response.
The electromagnetic (with and without losses) and circuit simulations of the
filter responses have been inferred by means of the Agilent ADS commercial
software, which includes the Momentum EM solver. The measurements have
been obtained by means of the four-port Agilent PNA N5221A network ana-
lyzer.
Fig. 10. Differential group delay of the filter of Fig. 8.
TABLE II
COMPARISON OF VARIOUS DIFFERENTIAL UWB BANDPASS FILTERS
could be necessary). The common-mode response is reasonably
predicted by the circuit model (common mode), as depicted in
Fig. 9(c). Thanks to the presence of three transmission zeros, a
common-mode rejection better than 10 dB over the whole reg-
ulated UWB has been achieved. Concerning dimensions, these
are as small as 10.5 mm 7.6 mm, i.e., (excluding
the tapered access lines), being the guided wavelength at the
central filter frequency. The differential group delay, shown in
Fig. 10, exhibits a value smaller than 0.5 ns in the whole differ-
ential passband, and a variation smaller than 0.28 ns.
V. COMPARISON TO OTHER APPROACHES
In order to appreciate the competitiveness, in terms of perfor-
mance and dimensions of the proposed balanced UWB band-
pass filter with other similar filters reported in the literature, we
summarize in Table II some relevant parameters of such filters
(we include some additional works, where balanced UWB re-
sponses with notched bands are included [20]–[22]). The filters
reported in [13], [20], and [21] exhibit strong common-mode
rejection in the differential filter passband, but size is large as
compared to our filter. The other filters (including ours) exhibit
comparable common-mode rejection, but the filter proposed in
this work is much smaller. An exception is the filter proposed
in [22] with strong common mode rejection in the differential
filter passband and small size. This filter is very competitive,
although the reported band (with and without notched band)
covers a smaller frequency range (between roughly 2–7 GHz).
By increasing the filter order, we would be able to accommodate
more transmission zeros in the proposed balanced filters, and
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this can potentially improve the common-mode rejection level.
Another possibility would be to load the central patch capac-
itances with additional SIRs oriented parallel to the filter axis
(with the result of transmission zero splitting). This aspects will
be investigated in future works.
Concerning the differential-mode response, the combination
of in-band insertion and return loss and selectivity of the
proposed filter is competitive, as compared to the other filters.
The filter reported in [11] exhibits comparable selectivity at the
lower band edge and better selectivity at the upper band edge,
but the measured in-band insertion loss is clearly better in the
prototype reported in this work. In terms of in-band insertion
losses, the filter reported in [15] is very competitive, but this
filter is large and selectivity is limited. The filter reported in
[12] exhibits a symmetric differential-mode response with very
reasonable in-band insertion loss and significant selectivity at
the upper transition band, but size is large, as compared to our
prototype, and the selectivity at the lower transition band is
much better in the filter designed in this work. Again, the filter
proposed in [22] (without notched band) is very competitive
concerning the differential mode in-band response and selec-
tivity, but it is implemented in multilayer technology, and it
does not cover the UWB regulated band from 3.1 GHz up to
10.6 GHz.
VI. CONCLUSIONS
In this paper, an ultra-compact microstrip order-5 balanced
UWB bandpass filter with common-mode suppression has been
designed and fabricated. The filter has been implemented by
means of semi-lumped resonators, specifically, mirrored SIRs,
patch capacitors, and strip inductors, resulting in a device with
compact size, as compared to other UWB balanced filters. To
suppress the common mode over the differential filter passband,
we have designed the three mirrored SIRs in order to provide
different transmission zeros for that mode, distributed along the
regulated UWB band. This has resulted in a filter with mea-
sured common-mode suppression higher than 10 dB. The mea-
sured differential-mode insertion and return losses of the fab-
ricated prototype are better than 1.9 and 10 dB, respectively,
within the whole UWB band. Hence, the combination of filter
performance and size has been found to be competitive. An
important aspect of this work is that a systematic design ap-
proach, based on the lumped-element equivalent-circuit models
of the series and shunt branches, has been reported. Moreover,
such circuit models, including parasitics, have been validated
through full-wave electromagnetic simulation, and it has been
found that these circuits provide an accurate description of the
structures up to very high frequencies (beyond the band of in-
terest). The excellent agreement between the lossless electro-
magnetic simulation and circuit simulation of the designed filter
for the differential mode confirms and further supports the va-
lidity of the reported models.
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